Abstract. Measurement of lactate is becoming a common procedure in assessing the physiological effects of capture stress in sharks, although the necessity to measure the concentrations in the laboratory limits the ability for field assessments. Portable lactate analysers offer an alternative, but await validation against laboratory assays for sharks. The present study assessed the reliability of a portable Lactate Pro analyser for measuring whole-blood lactate in the school shark, Galeorhinus galeus, in the field. Laboratory determination of whole-blood and plasma lactate obtained by spectrophotometry was highly correlated with field determinations. Because shark lactate concentration can exceed the upper detection limit of the portable analysers, which were designed for mammalian use, a method for dealing with values greater than the maximum detection limit was evaluated. Whole-blood diluted by 50% with acidified saline solution, tap water and distilled water gave measured values of 55, 56 and 52%, respectively, of the original values, allowing accurate estimation of concentrations exceeding the upper detection limit of the analyser. These findings indicated that the Lactate Pro can be used to rapidly and reliably measure lactate for sharks in the field.
Introduction
Major declines in population sizes of sharks have been documented in fisheries around the world, as a result of both targeted fishing and fisheries where they are caught as by-catch (Stevens et al. 2000; Dulvy et al. 2008) . With more species being protected because of these declines, there will also be increased rates of release from commercial and recreational fisheries. The capture and subsequent release of sharks is a major cause of stress (Skomal 2007; Mandelman and Skomal 2009 ) and can lead to mortality (Cliff and Thurman 1984; Manire et al. 2001) . The ability to identify the fate of released sharks is therefore important in understanding how the release of sharks will benefit conservation efforts.
In recent years, measurement of whole-blood and plasma lactate concentrations in sharks has become a common procedure in research investigating the metabolic response to stressors (Hoffmayer and Parsons 2001; Brill et al. 2008; Frick et al. 2009 ). Changes in blood chemistry related to capture events provide information about the degree of capture stress in elasmobranchs, with strong evidence that the level of physiological disturbance manifested in the blood of sharks correlates with a wide range of stressors (Cliff and Thurman 1984; Moyes et al. 2006; Mandelman and Skomal 2009) .
The analytical technique used to measure both plasma and whole-blood lactate concentration in the laboratory involves the use of enzyme-based spectrophotometry. However, this procedure cannot easily be transferred to field sites and fishing vessels. In recent years, portable gas analysers (e.g. i-STAT, Heska Corporation, Loveland, CO, USA) have also been used to measure lactate and other chemical metabolites (Cooke et al. 2008; Mandelman and Skomal 2009) , and hand-held analysers specific for lactate (e.g. Accusport meter, Boehringer Mannheim, East Sussex, UK; and Lactate Pro, Akray Inc., Kyoto, Japan) have become available (Wells and Pankhurst 1999; Brown et al. 2008) .
Several studies have shown that portable analysers, designed for human use, offer cheap and reliable measurements of blood lactate for other groups of vertebrates (Venn Beecham et al. 2006; Acierno and Mitchell 2007; Brown et al. 2008) . Despite the wider use of hand-held analysers to measure lactate concentrations in teleosts and mammalian blood (Harrenstien et al. 2005; Thorneloe et al. 2007) , and although the portable lactate analyser is becoming commonly used in field-based stress investigations on elasmobranchs, no validation of the hand-held analyser against traditional enzymatic assays has been conducted. The relatively unique characteristics of elasmobranch blood -nucleated red blood cells and high levels of nitrogen products (Lai et al. 1997 ) -make it essential that such testing occurs. In addition, because sharks can have whole-blood and plasma lactate levels .40 mmol L À1 (Hoffmayer and Parsons 2001; Hight et al. 2007; Brill et al. 2008) , which is greater than the range of human values, and, hence, the range of the portable analyser, a method for addressing values higher than the upper detection limit is needed.
The aims of the present study were to (1) determine whether the hand-held analyser was able to reliably measure wholeblood and plasma lactate concentrations in sharks (i.e. to determine the accuracy, precision and bias of the hand-held analyser measurements) and (2) evaluate methods for measuring lactate concentrations greater than the upper detection limit of hand-held analysers (i.e. to test the hypothesis that diluted wholeblood would estimate off-scale lactate levels) and whether the use of different diluents would influence the estimated lactate value.
Materials and methods

Sample collection
For the present study, we used the school shark, Galeorhinus galeus, from the Derwent River (Tasmania, Australia). Fortyone individuals were caught by long lines (soak time, 1 h; depth, 15-20 m). After capture, sharks were rapidly brought to the boat where blood samples (,1.5 mL) were collected by caudal venipuncture with heparinised syringes fitted with 22G needles. After extraction, samples were analysed, without delay, for haematocrit and for whole-blood lactate by using a portable hand-held analyser, Lactate Pro. Packed cell volume (PVC) expressed as haematocrit (%) was calculated by filling microhaematocrit tubes that did not contain heparin with heparinised blood. Tubes were centrifuged on board for 5 min at 4400g with a portable centrifuge (Imbros Pty Ltd, Cambridge, Tasmania, Australia) and haematocrit was determined by measuring the percentage of packed cells relative to the whole-blood volume. The remaining whole-blood samples were stored on dry ice for 6-7 h, until they could be processed. Subsamples of whole-blood were placed on ice for 6-7 h and then centrifuged for 5 min at 1250g. The plasma was collected and immediately processed in the laboratory.
Lactate Pro measurement of whole-blood lactate A hand-held Lactate Pro analyser was used to measure wholeblood lactate concentration in the field. A small drop of blood (,10 mL) was placed on a test strip impregnated with dried reagent, and lactate concentration was obtained after 60 s (Brown et al. 2008) .
Laboratory lactate assay
Whole-blood and plasma lactate concentrations were determined in the laboratory with lactate reagent and a lactate standard set (400 mg L À1 ) enzymatic kit (Kits 735-10 and 735-11, Trinity Biotech, Bray, Ireland). Samples were vortexmixed and 10 mL of each sample was placed into an individual cuvette with 1 mL of reagent. Absorbance at 540 nm was measured with a spectrophotometer (Hitachi High-Technologies Corporation, Tokyo, Japan). Because the evaluation of wholeblood (immediately after sampling on the meter) and plasma lactate (for the enzymatic assay) concentrations represents a comparison of two different media, it was necessary to adjust the plasma lactate concentration according to the haematocrit, to allow an approximation of the concentration of the lactate in the whole-blood. This correction was achieved by multiplying the plasma lactate concentration by (1 À haematocrit).
Validation of lactate concentrations outside the range of the Lactate Pro kit
The Lactate Pro reads in the range of 0.8-23.3 mmol L
À1
, so it was necessary to develop a technique that would estimate concentrations greater than the upper detection limit to quantify the metabolic condition of sharks. For each of the 41 school shark samples, whole-blood lactate was measured twice. The first measurement was as described above (Lactate Pro measurement of the whole-blood lactate), using 10 mL of blood. For the second measurement, whole-blood (60 mL) was diluted by 50% with 60 mL of acidified saline solution (a solution that closely matched the chemical environment of the blood (Wolf 1963) ) and 10 mL of this mix was used to obtain a new lactate concentration. The same procedure was repeated, with the acidified saline solution replaced with tap water or distilled water. The three different media were kept on ice during the sampling period, maintaining a constant temperature of 38C.
Data analysis
When comparing a new method of measurement (hand-held analyser) with a standard method (spectrophotometry), the reliability (performance) of the new method could be considered as the amount of measurement error that has been considered acceptable for the effective practical use of a new measurement tool (Atkinson and Nevill 1998; Bland and Altman 1999 ). Reliability can be described in terms of accuracy (how closely a measured value agrees with a true, or accepted, value), precision (how reproducible measurements are) and bias (anything that contributes to a measured value being different from the 'true' value or its precision). To test accuracy, a standard linear regression was performed (Quinn and Keough 2002) . The slope of the relationship between paired samples (i.e. those obtained with Lactate Pro and by laboratory method) was calculated, and the probability that the slope differed from unity was determined by calculating the 95% confidence intervals (95% CI). Although the regression analysis characterises the degree to which two variables are associated, it does not necessarily indicate the extent to which these values agree or disagree. To overcome this limitation, the approach of quantifying the level of agreement between the two different analysers measuring the same parameter was employed (Atkinson and Nevill 1998) . In the Bland and Altman 'limits of agreement' analysis (Altman and Bland 1983; Altman 1995, 1999) , the differences between measurements (i.e. with Lactate Pro or by laboratory assays) were plotted against the average of the two measurements. The mean of these differences between measurements was the bias of the method. Standard linear regression analyses were used to examine the relationship between the bias and the average of the two measurements across the entire lactate concentration range. The precision, the 95% limits of the agreement, calculated as 95% range obtained from the standard deviations of a normally distributed population (the mean difference between methods AE1.96 s.d.) provided a reference interval within which 95% of differences between measurements by the two methods were expected to lie. Standard linear regression analyses were performed to measure the association between the lactate concentrations of undiluted samples and those of samples diluted by 50% in the different media. All analyses were undertaken using the SPSS statistical package Base 16.0 (SPSS Inc., an IBM Corporation, Somers, New York, USA).
Results and discussion
Hand-held meter reliability Because one school shark showed a reading above the upper sensitivity limit of 23.3 mmol L
À1
, this individual was excluded from the analysis of accuracy, bias and precision. Results obtained from the remaining 40 school shark samples showed a strong relationship between the values obtained with the Lactate Pro hand-held meter and those determined by the laboratory reference method for whole-blood lactate across the entire concentration range (r 2 ¼ 0.82, P , 0.001) (Fig. 1a) . The estimated slope (1.06; 95% CI, 0.98-1.34) was not significantly different from one, demonstrating that hand-held meter readings were accurately agreeable with whole-blood laboratory measurements. Lactate Pro readings were significantly correlated with laboratory plasma measurements (r 2 ¼ 0.88, P , 0.001) (Fig. 1b) . However, significant differences were found between slopes (1.18; 95% CI, 1.04-1.33), with the hand-held meter readings higher than the laboratory measurements for plasma lactate concentrations (Fig. 1b) .
The Bland-Altman analysis of differences in lactate concentrations determined with Lactate Pro and those obtained from whole-blood and plasma laboratory assays showed that the mean bias between the two methods was 0.89 mmol L À1 (AE2.14 s.d.) for whole-blood and 3.50 mmol L À1 (AE1.78 s.d.) for plasma samples (Fig. 1c, d) . Concentrations of lactate determined with hand-held Lactate Pro are expected to lie between 3.32 mmol L À1 below and 5.10 mmol L À1 above (AE0.33 s.e.) those obtained from whole-blood laboratory assays, and between 0.03 mmol L À1 and 7.01 mmol L À1 (AE0.28 s.e.) above those obtained from plasma laboratory assays, which corresponds to the 95% limits of agreement between methods (hand-held meter and whole-blood and plasma laboratory assays) (Fig. 1c, d) . A weak but significant relationship in the degree of disparity (bias) between the two methods measuring whole-blood lactate (Lactate Pro -laboratory assay) across the entire lactate concentration range was observed (r 2 ¼ 0.26, y ¼ 0.2638x À 2.6971, P , 0.001) (Fig. 1c) . However, 
Our results support the use of the Lactate Pro as a reliable analyser for whole-blood lactate for sharks caught in the wild. On average, a low bias (,0.9 mmol L À1 ) was obtained, and the data from the Lactate Pro appeared to be homoscedastic, because the differences between analysers did not depend on the magnitude of lactate concentration. The degree of heteroscedasticity found for values ,8 mmol L À1 appears to be a result of a low representative sample size and did not have clinical significance. However, further studies on whole-blood samples with very low lactate concentration are required. A high level of precision was concluded, because the limits of agreement ,5.1 mmol L À1 through a physiological range of 0.8 AE 23.3 mmol L À1 are not likely to have an impact on management and prognosis. These observations are consistent with those from other taxa for which this type of device has been tested (Acierno and Mitchell 2007; Brown et al. 2008) , and have confirmed that the characteristics of shark blood do not affect the performance of the device. The Lactate Pro hand-held analyser is therefore a tool that field researchers can use for rapid determination of whole-blood lactate concentrations in a field setting.
The results for plasma lactate showed that the hand-held analyser overestimated the concentrations, although in a predictable way. For lactate levels from 2 mmol L À1 to 17 mmol L À1 , the hand-held meter overestimated whole-blood lactate levels compared with plasma lactate concentrations determined by laboratory assays, by 18% (AE7%). Therefore, we recommend that users either calculate their own bias-adjustment curves or correct for the bias by using the following equation: y ¼ 1.65 þ 1.18x (Fig. 1b) . Similar results have been reported for other groups of vertebrate (Wells and Pankhurst 1999; Venn Beecham et al. 2006) . This greater difference between the methods could have been further confounded by the 6-7 h that heparinised wholeblood was temporarily stored before centrifugation, potentially affecting the concentration of plasma lactate when left in contact with red blood cells (Venn Beecham et al. 2006) . Storage of shark whole-blood before analysis can lead to measurement biases because the erythrocytes are nucleated and possess high metabolic activity, leading to potentially significant changes in lactate concentrations during transport and storage (Baldwin and Wells 1990; Lai et al. 1997) . Even so, the hand-held analyser was able to effectively detect metabolic changes, providing a useful tool when relative, rather than absolute, changes in lactate concentrations are used to evaluate and compare responses to stressors.
Lactate concentrations outside the meter range
Comparisons of lactate concentrations between undiluted samples and samples diluted by 50% in the different media showed that the lactate concentrations in diluted samples were very similar, independent of the dilution medium applied (Fig. 2) diluted concentrations and original non-diluted concentrations was 0.55 for acidified saline solution, 0.56 for tap water and 0.52 for distilled water. During the dilution trial, one school shark showed a value higher than the Lactate Pro upper limit. The whole-blood was diluted with the three different media, giving new readings of 13.1, 13.4 and 13.9 mmol L À1 for acidified saline solution, tap water and distilled water, respectively. By using the mean correction factor (0.55, 0.56 and 0.52, respectively, from ratios obtained above), an undiluted concentrations of 23.81 mmol L
À1
(acidified saline solution), 23.92 mmol L À1 (tap water) and 26.73 mmol L À1 (distilled water) were assigned. The corresponding whole-blood lactate concentration measured by spectrophotometry in the laboratory was 25 mmol L À1 . In the present study, only a few samples showed concentrations below the detection limit of the Lactate Pro analyser, and all occurred immediately after capture. Whole-blood lactate concentrations obtained by using enzymatic assays have been reported to be ,0.8 mmol L À1 in shark species such as Squalus acanthias (Mandelman and Farrington 2007) and Heterodontus portusjacksoni (Cooper and Morris 1998) . Thus, although some readings from sharks may be below the detectable concentration (0.8 mmol L À1 ), they indicated a very low level of metabolic disturbance and provided information that would be of value in assessing the metabolic status of the animal.
Previous studies have reported both whole-blood and plasma lactate concentrations .23.3 mmol L À1 (the upper limit for the Lactate Pro) in several species of sharks, including Isurus oxyrinchus and Alopias vulpinus (Hight et al. 2007) , Prionace glauca (Moyes et al. 2006) , Rhizoprionodon terraenovae (Hoffmayer and Parsons 2001) , Carcharhinus obscurus (Cliff and Thurman 1984; Mandelman and Skomal 2009 ) and C. plumbeus (Brill et al. 2008) . In the present study, diluting the whole-blood by 50%, whether using acidified saline, tap water or distilled water, provided a simple and reliable method for measurement of potentially off-scale lactate concentrations. The use of acidified saline solution as a diluent showed no measurable advantage over using distilled water or tap water, indicating that simple dilution in water was an effective technique. However, because the quality of the tap water might vary, the use of distilled water would be a more reliable and better diluent to employ. The temperature of the diluent may also be important. In the current study, chilled diluents were used and these produced reliable lactate concentrations; however, in a separate study, use of diluents at temperatures .208C produced highly variable results (C. A. Awruch, unpubl. data).
Conclusion
The persistence of altered states of lactate concentration following metabolic acidosis indicates that lactate is useful for measuring stress responses in sharks in the field (Mandelman and Farrington 2007; Skomal 2007; Mandelman and Skomal 2009 ). This, combined with the strong association between lactate acidosis and subsequent mortality in sharks (Mandelman and Skomal 2009) , suggests that field measurements with meters will improve understanding of species ability to survive human impacts and also help improve handling practices. An important advantage of the portable lactate analyser is the ability to measure lactate concentrations at the point of sampling to assist in the rapid assessment of shark stress levels. Use in this type of situation will allow improved understanding of the release condition of sharks and assist in making decisions about, for example, which animals may be suitable for tagging, surgery or transport for research or husbandry purposes.
